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Abstract

Raman spectroscopy was used to investigate the structure of ion-irradiated
«-SiC single crystals at room temperature and 400 °C. Irradiations induce a
decrease of the Raman line intensities related to crystalline SiC, the appearance
of several new Si—C vibration bands attributed to the breakdown of the Raman
selection rules, and the formation of homonuclear bonds Si—Si and C-C within
the SiC network. For low doses, the overall sp3 bond structure and the chemical
order may be almost completely conserved. By contrast, the amorphous state
shows a strong randomization of the Si—Si, Si—C and C—C bonds. The relative
Raman intensity decreases exponentially versus increasing dose due to the
absorption of the irradiated layer. The total disorder follows a sigmoidal
curve, which is well fitted by the direct impact/defect stimulated model. The
chemical disorder expressed as the ratio of C—C bonds to Si—C bonds increases
exponentially versus the dose. A clear correlation is established between the
total disorder and the chemical disorder. The increase of temperature allows
the stabilization of a disordered/distorted state and a limitation of damage
accumulation owing to the enhancement of the dynamic annealing.

1. Introduction

Owing to its structural, chemical and mechanical stability, silicon carbide (SiC) has been
proposed for structural components in harsh environments such as a high-temperature reactor
(HTR), where high-temperature and high-radiation conditions are involved. A fundamental
understanding of the accumulation and recovery of irradiation damage is thus needed to
improve the utilization of SiC for this technological use.
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Radiation effects induced by neutrons at high temperature were widely studied.
Microstructural evolution over a large range of temperature [1-3] and swelling [1, 4, 5] were
the main investigated topics. However, the results were in general limited due to the exclusive
use of the TEM technique or scattered in the case, for instance [6], of the swelling at irradiation
temperatures higher than 1000 °C. In the meantime, simulation of neutron damage using ions
has been considered as a prominent alternative due to the limitations and difficulties generally
encountered with neutron irradiations. Extensive studies were done on microstructure [7-9],
amorphization [10-13], annealing processes [14-16] and recrystallization [17-21] of ion-
irradiated SiC. Complementary reviews of ion irradiation were given by Wendler et al [13] and
by Weber er al [12]. Nevertheless, most of the previous studies have been carried out at or below
the critical temperature of amorphization 7,. Damage accumulation at higher temperatures,
which involves significant defect recovery and self-clustering processes, may be more relevant
to nuclear applications.

Ton-channelling methods based on Rutherford backscattering spectrometry (RBS/C) and
TEM are frequently employed [22-25], whereas spectroscopic tools [26-31] which are less
destructive give access to structural information. Spectroscopic techniques can also detect
some complementary aspects of the transformation between the crystalline and amorphous
state. Raman spectroscopy gives additional details on the composition of damaged layers and
shows the appearance of chemical reordering (the formation of homonuclear bonds, which
cannot be detected by IR spectroscopy) in damaged layers [26, 30, 32-35]. It also seems to be
an excellent tool to monitor the disorder accumulation [36, 37].

The purpose of this paper is the investigation of the damage accumulation in ion-irradiated
single crystals of SiC at room temperature and 400 °C. The structure of the irradiated layer is
determined by Raman spectroscopy. Its evolution is described and discussed on the basis of the
existent experimental and numerical data. The total and chemical disorders are extracted from
Raman spectra and their evolutions as functions of the dose in dpa are commented. Finally, the
effects of the irradiation temperature and of the ion species used for the irradiations are studied.

2. Experiments

6H- and 4H-SiC single-crystal wafers grown by the Lely method were prepared in the LETI
Laboratory (CEA/Grenoble, France). The normal to the surface was around respectively 3° and
8° off the [00.1] orientation. Samples were doped with nitrogen in the range of 10'8 cm~>.

6H-SiC was irradiated with 4 MeV Au ions at room temperature and 400°C. The
temperature of 400°C is a key value because it is well above the critical temperature of
amorphization [25] but low enough to expect some radiation damage, despite the dynamic
annealing induced by the increased temperature. 4H-SiC was irradiated at 400 °C with 4 MeV
Xe ions. Similar conditions of irradiation were used in order to check a possible chemical effect
of Au ions. The fluences were varied from 10'? to 10'® cm™2 and the beam current density
was maintained in the range of 0.1-2 A cm~? to avoid high-dose-rate effects and excessive
target heating. In order to minimize channelling effects, the normal to the sample surface was
tilted by 6.5° with respect to the incident beam direction. Au-ion irradiations were performed
at the ARAMIS facility (CSNSM-Orsay) and Xe-ion irradiations were done at the PHASE
facility (Strasbourg). Ion fluences were converted to their equivalent doses of displacements
per atom (dpa) based on the SRIM-2003 full-cascade simulations [38] and a specific density of
3.21 x 10° kg m—>. The recommended threshold displacement energies [39] of 20 and 35 eV
for C and Si sublattices respectively were used.

Raman scattering and confocal Raman spectra were recorded at room temperature in a
backscattering geometry using a Jobin-Yvon T64000 spectrometer coupled with an Olympus
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microscope that contains an X-Y-Z stage. The microscope stage could be adjusted with an
accuracy of 0.5 um along the optical axis. The 514.5 nm line of an argon ion laser was focused
onal x 1 um? spot and collected through a 100x objective with a numerical aperture value
of 0.9. The laser intensity was kept around 30 mW to avoid any heating of the sample. To
analyse the different Si—Si, Si—C and C—C related modes, the spectra were measured in the
broad spectral range between 15 and 1800 cm™!.

The confocal microscope combines focused illumination with spatially filtered detection,
to collect photons that originate from a diffraction-limited sample volume and reject photons
that originate from outside that region. This arrangement ensures that only light coming
from the focal plane entirely reaches the detector. This accounts for the confocal Raman
microprobe’s ability to discriminate between parts of the sample that are not at the same depth,
thus allowing optical sectioning. The confocal depth resolution along the optical axis was
determined using the 100 pum pinhole on a virgin 6H-SiC sample. In this experiment, the
sample was slowly scanned towards the focus of the laser beam and the signal intensity of
the four first-order Raman lines was measured. The average of intensities was plotted versus
the scan depth z and the full width at half maximum of the resulting curve was determined
corresponding to the depth resolution. With this method, we got a confocal depth resolution of
7 pum.

The fitting module of the Labspec Raman spectroscopy software (Jobin-Yvon) was used
for the simulation of the Raman spectra. A Lorentzian fit is often used for crystals, arising
from the finite phonon lifetime broadening, whereas a Gaussian line shape is expected for a
random distribution of lifetimes in disordered materials. The irradiated layer seems to evolve
from a disordered to an amorphous state. Therefore, Voigt profiles were preferentially chosen
for Si-Si and Si—C vibrations in order to take into account the increasing contribution of the
Gaussian shape due to the accumulation of damage. The C—C vibrations are apart from these
considerations as the most widely used fit is a Breit—-Wigner—Fano (BWF) line for the G band
and a Lorentzian profile for the D-peak [40—42]. The BWF line has an asymmetric line shape.
Since such a profile is not available in the Labspec program, the two-Gaussian fit was finally
used, even though it does not provide an accurate fit of C—C bands. The signal-to-noise ratio
is quite significant especially in the C—C vibration range, due to low acquisition times. The
accuracy on band positions deduced from spectrum simulation is 5 cm ™.

3. Results

3.1. Undamaged a-SiC

Group-theoretical analysis shows that the Raman-active modes of the wurtzite structure (Cegy
symmetry for hexagonal polytypes) are the A;, E; and E, modes. The A; and E; phonon
modes are split into longitudinal (LO) and transverse (TO) optical modes. In backscattering
geometry, the A (LO), E;(TO) and E, phonons are expected to be seen in the Raman spectra.
Characteristic Raman spectra of 6H- and 4H-SiC samples recorded in the same conditions
are presented in figures 1(a) and (b). The major peaks in the 4H and 6H Raman spectra are
identifiable from previous studies [43—46]. Their positions and corresponding assignments are
summarized in table 1.

The A;(LO) phonon line shape depends strongly on the nitrogen doping concentration in
4H-SiC [44]. Because of the high doping concentration in our sample, the peak is broadened
and its intensity is low.

The high quality of samples allows the observation of several weaker peaks, the second-
order Raman bands, located in the 500 and 1400-1850 cm™! regions.
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Figure 1. Raman spectra of virgin 6H- and 4H-SiC: (a) first-order and (b) second-order peaks.

3.2. Irradiated SiC

Raman spectra of Au-irradiated «-SiC at room temperature are shown in figures 2(a) and (b).
Their evolution is significant of a modification of the local structure induced by irradiations.
For the lowest dose (0.003 dpa), the irradiated sample spectrum is similar to the virgin one,
which suggests that «-SiC is weakly damaged or is undamaged. At moderate dose (0.026 dpa),
three broad bands appear around 200, 520 and 1420 cm™! in addition to the first-order lines
of crystalline SiC. They are characteristic [30, 34, 35] of Si—Si (200 and 520 cm~!) and C-C
homonuclear bonds (1420 cm™").

More than 20 bands were necessary to fit the Raman spectrum recorded for a sample
irradiated at 0.026 dpa (figure 3(a)). They are associated with the vibrations of silicon (20—
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Figure 2. Raman spectra of Au-ion irradiated 6H-SiC at room temperature: (a) first-order and (b)
second-order peaks.

Table 1. Frequency (in cm’l) and assignment for peaks shown in figures 1(a) and (b).

6H 4H Attribution

146, 150 196, 201 E>(TA) [44, 46]
235,240 264 E|(TA) [44, 46]
266 — E>(TA) [44, 46]
505,513 609 A (LA) [44, 46]
767,789 776 E>(TO) [44, 46]
797 796 E((TO) [44, 46]
888 — A1 (LO) [44, 46]
967 982 A (LO) [44, 46]
1516, 1532, 1542 1528 Optical branch [45]
1614, 1626, 1651 1616 Optical branch [45]

1686, 1714 1692, 1710  Optical branch [45]
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Figure 3. Curve fit of the full range spectrum for a sample irradiated (a) with Au ions at room
temperature for 0.03 dpa and 2.64 dpa and (b) with Au ions at 400 °C for 2.64 dpa and with Xe ions
at 400 °C for 1.48 dpa.

Table 2. Positions (in cm™!) and assignments of the nine bands observed in figures 2 and 3 (am.
for amorphous structure, cryst. for crystalline structure).

Si-Si vibrations Si—C vibrations C—C vibrations
180-200  Cryst. Si (TA) 148 Cryst. SiC (1st-order) 1080-1090  Csp’ ()
[47-49] [44, 46] [51,52]
~260 Cryst. Si 580-600  Distorted/disordered 1400-1420  C sp? (D band)
(LA + LO) ~660 SiC [26, 28] [50-56]
[47-49]
430-440 Si-O (?) 766,789,  Cryst. SiC (1st-order) 1415-1420  Am. mixed
[50] 797,967  [44,46] sp?/sp> C [30, 34, 57]
~500 Am. Si ~767 Highly disordered or 1560-1600  C sp? (G band)
[47-49] ~870 am. SiC [50-56]
535-540  Cryst. Si (TO) 915-920,  Slightly
[47-49] 935-940  disordered/distorted SiC
~966
~1530 Cryst. SiC (2nd-order) [45]

600 cm ™), silicon carbide (700-1000 cm~") and carbon (1100-1800 cm™"'). The assignment
of the main Raman peaks is summarized in table 2. Figure 4 shows corresponding confocal
spectra recorded for the same sample at various z-scan depths. For the z = 1 um scan, the
Raman spectrum is composed of nine bands in addition to the characteristic crystalline peaks
of SiC. Their intensities decrease when the z-scan depth increases. Simultaneously, the four
crystalline peaks become sharper. For a depth scan of 5 wm, the Raman spectrum is similar
to that of the virgin sample. Obviously, the nine bands are related to the damaged layer and
the crystal line peaks are issued from the non-irradiated part of the sample. In fact the Raman
spectrum of irradiated SiC is composed of two contributions from the irradiated layer and
the non-irradiated part of the sample because SiC is transparent to the laser light [26, 35]. It
is also possible to identify the band around 1520 cm™! as the second-order Raman lines of
crystalline SiC.
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Figure 4. Confocal Raman spectra of room temperature Au-ion-irradiated «-SiC for 0.026 dpa.
Acquisitions for different z-scan depths.

The increase of the dose induces a decrease of the crystalline peak intensity and an
enhancement of homonuclear band intensity (figures 2(a) and (b)). The crystalline peaks
completely vanish for 2.64 dpa, probably because of the increased absorption of the Raman-
scattered light by the damaged layer. The crystalline peaks are not directly observed in the
spectrum of the sample irradiated at 0.264 dpa, but simulation of the corresponding Raman
spectrum showed that the E,(TO) (for 6H-SiC) and E;(TO) modes (for 4H-SiC) are still
necessary to the fit. For the highest dose (2.64 dpa), only four broad bands remain at
wavenumbers around 200, 500, 800 and 1420 cm~'. The corresponding fitted spectrum is
reported in figure 3. Only five bands are necessary to reproduce the Raman spectrum, equally
distributed over the three domains of vibrations Si—Si, Si—C and C-C. The fit also puts in
evidence a broadening of the bands upon irradiation. This is probably due to the amorphization
of the irradiated layer that is confirmed by Rutherford backscattering and channelling (RBS/C)
analysis (results not shown).

3.3. Influence of irradiation parameters: temperature and ion species

The increase of the irradiation temperature has a strong effect on the evolution of Raman
spectra. A reduction of damage is noticed and the amorphization is avoided (figure 3(b)). The
estimated critical temperature of amorphization [23] for 2 MeV Au-ion irradiated SiC is 500 K
(~250°C), which is well above the temperature of study. However, irradiation at 400 °C (for
1.48 dpa) still induces important damage with the creation of homonuclear bonds (characteristic
bands of Si-Si and C-C around 500 and 1400 cm™") and the disordering of the SiC network
(appearance of new Si—C vibrations in the 600-900 cm~! range). According to the fit, the
structure of the irradiated layer is close to that obtained for 0.026 dpa at room temperature
(figure 3(a)).

Recent studies of Au-ion-irradiated SiC at high temperature showed that the accumulation
of disorder was considerably reduced with the rising temperature [25, 58]. On the basis on
RBS/C data, Jiang et al [25] attributed a part of the disorder to the substitution of Si atoms
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Figure 5. Relative Raman intensity (RRI) determined for Au-ion irradiations at room temperature
and at 400 °C and for Xe-ion irradiations at 400 °C. Dashed (for RT irradiation) and dashed-and-
dotted (for high irradiation temperature) lines represent the fit with an exponential decay.

by Au ions by analogy with the doping of silicon with Au, Ag or Pt ions [59, 60]. Such
atomic substitution should have an influence on the vibrational spectrum of the material and
therefore should be evidenced by Raman spectroscopy. In order to distinguish radiation effects
from potential atomic substitutions on Raman spectra, Xe-ion irradiations were done at 400 °C.
A simulation of the Raman spectrum of Xe-ion-irradiated «-SiC for 1.48 dpa is presented
and compared with the Raman spectrum recorded for an Au-ion irradiated sample at a similar
dose and the same irradiation temperature (figure 3(b)). No strong modification of the Raman
spectrum is noticed, which may suggest that Raman spectrum evolution is only due to radiation
effects and not to chemical effects associated with the irradiation of Au ions into the SiC
network. However, the detection limit of the Raman spectroscopy should be taken into account.
Indeed, the maximum concentration in Au ions is around 102 ions cm (1016 ionscm 2 ina
1 pm thick layer), which roughly corresponds to 0.1% of Au ions into SiC. It corresponds to
the detection limit for a micrometric laser spot.

4. Evolution of damage and disorder accumulation through Raman spectra analysis
4.1. Relative Raman intensity

In order to follow the damage accumulation, the relative Raman intensity (RRI) was determined
and plotted versus the dose (figure 5). The RRI value corresponds to the average over the
first-order Raman lines of the irradiated sample divided by the average intensity of the virgin
sample [37]. As previously predicted in the literature [12, 37], the RRI decreases versus dose
following an exponential law with a saturation at around 0.1 dpa. The loss of the Raman signal
is mainly due to the increased optical absorption of the damaged layer consequently to the
accumulation of absorbing centres [30, 34, 37]. For room temperature irradiation, saturation
may correspond to the formation of a buried amorphous layer, by analogy with UV-visible
spectroscopy [61]. The increase of the irradiation temperature leads to a lowering of the
damage accumulation. The influence of the irradiation temperature on radiation effects was
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Figure 6. Total disorder determined for samples irradiated with Au ions at room temperature and
400°C and with Xe ions at 400°C. The dashed (for RT irradiation) and dash—dotted (for high
irradiation temperature) curves correspond to the data fit with the direct impact/defect stimulated
model (DI/DS) modified by Zhang et al [67].

intensively studied [12, 25] for SiC below 600 K. Simultaneous recovery of defects produced
during irradiation may occur due to close-pair recombination and long-range migration of point
defects.

No difference of the RRI saturated value is observed when the temperature of irradiation
increases, despite the change of RRI saturation value with temperature reported by Heliou
et al [37]. These authors observed an exponential law dependence between the RRI saturated
value and the temperature of irradiation for Si-irradiated 6H-SiC. The discrepancy between
our observations and the Heliou e al results may be explained by the importance of the
recovery processes that strongly depend on the mass/energy of ions. Indeed, during irradiation,
simultaneous damage recovery processes mitigate the production of radiation damage, and the
rate of the damage evolution will depend on the relative magnitude of these two processes under
irradiation conditions. Through the analysis of amorphization curves obtained for various ions,
it was deduced that there is an increased efficiency of simultaneous damage recovery with
decreasing particle mass. This behaviour was attributed to the effects of recoil spectra or to the
increase in the electronic to nuclear stopping ratio [12, 13].

4.2. Total disorder

Menzel et al [36] defined the 1-A,m value, which corresponds to the total area A under the
principal first-order lines normalized to the value AY*' of the crystalline material (Apom =
A /A, By comparison with the number of displaced atoms deduced from RBS/C spectra,
they concluded on the representativeness of the 1-Apom value for the total disorder. The
total disorder was determined for Au- and Xe-ion irradiations at room temperature and 400 °C
(figure 6).

The total disorder increases versus dose and saturates at around 0.264 dpa for room
temperature irradiation. Saturation is associated with the formation of the buried amorphous
layer in the irradiated zone, which is consistent with the corresponding Raman spectrum.
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However, for a dose of 2.64 dpa, the irradiated zone is completely amorphous according to
the shape of the resulting Raman spectrum, whereas the total disorder is lower than unity,
the characteristic value for a totally disordered state. Consequently, amorphous SiC has a
significant degree of ordering far from the maximum possible value [62—-64]. EXAFS-EXELFS
results clearly indicate that the amorphous phases are not formed of random arrangements
of Si and C atoms but exhibit short-range order (SRO) at the level of the first coordination
shell [65, 66].

The increase of irradiation temperature slows down the accumulation of disorder.
Saturation results from the recovery processes enhanced by the rising of the irradiation
temperature and the balance established between damage accumulation and simultaneous
annealing. The effect of temperature on disorder is not as drastic as previously observed for the
disorder deduced by RBS spectroscopy [23, 58]. No differences are observed between Au- and
Xe-ion irradiations.

4.3. Chemical disorder

The state of damaged silicon carbide can be characterized by the standard order parameters,
such as long-range order (LRO) and short-range order (SRO) parameters, which relate damage
to the structure and chemical state of SiC. The LRO parameter refers to the degree of order with
respect to the lattice sites, whereas the SRO parameter describes the degree of the chemical state
with respect to the local arrangement of atoms, which can be partially preserved even when the
LRO is completely lost. The homonuclear ratio Ry, defined for SiC as the ratio of the number
of homonuclear bonds to twice the number of heteronuclear bonds, provides a full homonuclear
analysis. Chemical disorder y, defined as the ratio of the C—C bonds to C—Si bonds, is not a
full homonuclear bond analysis and is specified only for C atoms. The x value seems to be a
quite good approximation [68] of Ry,,. The ratio ranges from zero for perfect short-range order
to unity for random short-range disorder.

A rough determination of the x parameter from Raman spectra is possible with the
assumption that the intensity of the Raman peaks is proportional to the concentration of Si—C
and C—C bonds. The TO-phonon line (766 cm~') was chosen as a reference for the Si—C bond
concentration because it remains visible even in highly damaged samples. The peak located
around 1420 cm~! was used as a reference for the C—C bond. Nevertheless, the signal-to-noise
ratio in the C—C vibration range is far from being negligible so the accuracy is limited and the
results only give a tendency of the evolution of the chemical disorder.

The chemical disorder was estimated for «-SiC irradiated with Au ions at room
temperature and at 400 °C and for a sample irradiated with Xe ions at 400 °C (figure 7). The
chemical disorder increases with the dose and reaches a saturation step at around 2.5 dpa.
Saturation may be attributed to amorphization for room temperature irradiation. The effect
of temperature is to considerably decrease the chemical disorder and reduce its value at the
saturation step. It is attributed to the recovery processes, which were enhanced by the increase
of the irradiation temperature. No influence of ion species is noticed on the variations of the
chemical disorder.

5. Discussion

5.1. Evolution of the structure

The structural evolution is in agreement with previous studies on irradiated SiC [30, 34, 35].
Indeed, the Raman spectrum of irradiated SiC generally presents several bands in the Si—Si, Si—
C and C-C vibration domains and a clear decrease of the Raman line intensities (figures 2(a)
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Figure 7. Chemical disorder determined for Au irradiations at room temperature and at 400 °C and
for Xe irradiations at 400 °C. The dashed (for RT irradiation) and dash—dotted (for high irradiation
temperature) curves correspond to the data fit with an exponential law.

and (b) and 3(a)). The principal effect shown by Raman spectroscopy is the formation of
homonuclear bonds. However, the process is still not elucidated. For Si—Si bonds, it might
consist in the replacement of the carbon atom, kicked out by the ion used for irradiation, by
a silicon atom and vice versa. For the formation of C—C bonds, the proposed mechanism is
based on the accumulation of interstitials or antisite carbon via condensation of C interstitials
generated on the path of ions [69-71].

5.1.1. Structure of the disordered/distorted state. For low doses (0.026 dpa, RT), the Raman
spectrum is composed of several bands related to Si—Si, Si—C and C—C vibrations in addition to
the four first-order Raman lines characteristic of crystalline SiC (766, 780, 797 and 966 cm™h).
The Si—C bands, which are not related to crystalline SiC but to irradiated SiC, are spread
over the 600-1000 cm™! range. The appearance of these additional bands may be due to the
lack of transitional invariance or long-range order. The Raman selection rules and wavevector
conservation are no longer valid owing to the damage accumulation [35]. Furthermore, the
formation of a disordered network structure associated with bond angle distortions may be
evidenced [26] by the presence of bands around 500-600 cm~!. In fact, the Raman spectrum
is similar to that obtained by Bolse ef al [26, 28] for low fluence. According to these authors,
the overall sp> bond structure and the short-range order may be almost completely conserved,
where each silicon atom is surrounded approximately by four C atoms and vice versa. These
assumptions are supported by computer simulations, which predicted the formation of a
distorted network provoked by the formation of homonuclear bonds [62, 63, 68].

In the domain of Si-Si vibrations, the bands at 200, 260 and 520 cm™"' are similar to the
characteristic vibrations of crystalline silicon [47—49]. This may suggest a partial ordering of
the Si-Si bonds in the SiC network. The band around 450 cm~' may be relative to Si—-O-Si
vibrations [50] that may indicate the presence of SiO,, probably located on the SiC surface. The
identification of the Si—O band is however difficult due to the decrease of the Raman (Stokes)
scattering efficiency with respect to crystalline Si [72, 73].
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In the carbon vibration range, three bands are visible. One band is located around
1100 cm™! in the sp>-bonded domain of vibrations. The two bands at 1420 and 1540—
1560 cm™! are respectively the D and G bands characteristic of sp> carbon [50-56]. It should be
noted that the identification of the 1400 cm™~! band with the D band is not the only possibility.
The experiments on a-SiC, films revealed that the D band disappears and the G band shifts
down as the Si content increases [74]. The G band is issued from the in-plane C—C vibration
whereas the D band is generally observed in disordered structures. The geometry for C—C
bonds remains hypothetic in irradiated SiC, as C atoms can be both in planar or tetrahedral
geometry. The band around 1400 cm ™" is in general associated with C sp> whereas the band at
1080 cm ™! is clearly in the range of C sp. Several interpretations can be envisaged to explain
the appearance of a band around 1100 cm™!. In pure carbon, the band is assigned to disordered
sp>-bonded carbon [75] or to the surface phonon mode of diamond [76]. In nano-crystallized
silicon carbide, the band located at 1100 cm™! is associated with sp3 hybridization [51, 52].
Another explanation rises from the simulation of the G band. Indeed, the BWF line for the
G peak accounts for residual Raman intensity at 1100 cm~' where the Gaussian fit needs a
supplementary peak. Thus, the band might not be related to a C—C vibration but rather to the
tail of the G peak [56].

5.1.2. Structure of the amorphous state. The increase of the dose leads to a strong evolution
of the structure. The evolution of the Raman spectra suggests a continuous transformation
from the disordered/distorted state into the amorphous one. Numerous simulations supported
by experimental data proposed that amorphous SiC is made of a chainlike structure of mixed
sp?/sp> C surrounded by Si—C and Si-Si networks, where Si gives rise to strongly distorted
diamond-like sites [62—-64, 77-80]. According to Finocchi et al [62], 40-45% of the bonds
formed by C atoms are homonuclear. This description seems to be consistent with the Raman
spectrum of an amorphous sample (2.64 dpa, RT).

The two bands situated at 200 and 500 cm ™" are related to Si—Si vibrations [34, 48, 52, 81].
Conservation of phonon momentum in crystalline silicon leads to a narrow optical mode at
520 cm~!. In amorphous silicon, the g selection rules do not apply due to the loss of long-
range order. All phonons are therefore optically allowed and the Raman spectrum resembles
the phonon density of states with a broad band [82] at 480 cm™!. In the case of irradiated SiC,
the Si band shifts from 540 to 500 cm ™', that may correspond to a randomization of the Si-Si
bonds. The fact that the Si band does not reach the characteristic frequency of 480 cm~! may
be due to the coupling of Si atoms to the lighter carbon atoms into the SiC network [77]. The
accommodation of the network to the substitution and the coupling may imply a distortion of
the Si tetrahedrons as already observed through simulation [62] or experiments [80].

The broad band located at 800 cm ™' is composed of two sub-bands (766 and 870 cm ™),
which are attributed to amorphous or highly disordered SiC [30, 34, 80, 82]. By contrast, the
bands observed for lower doses (600, 661, 920, 935 and 954 cm™") may be attributed to weakly
disordered/distorted SiC. However this assignment must be confirmed by other results.

The broad band near 1430 cm™! is attributed to the existence of amorphous C [30, 34, 57].
The fit of the C—C domains shows that only one band, close in frequency to the initial D band
for lower dose, is needed. However, the signal-to-noise ratio prevents us from identifying a
possible small contribution of the G band. In the literature, the band situated at 1430 cm~!is
interpreted as a signature of mixed sp? and sp® coordination in the SiC disordered network. This
is confirmed by theoretical calculations [62, 79, 83] and structural studies [81, 84, 85] of a-Si—
C:H. More precisely, Meneghini et al [85] observed that the C—C distance is in between those
of diamond and graphite. This C—C bond length change is currently observed for irradiated
carbon. In this material, a gradual transition from graphite-like spectra to diamond-like spectra
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occurs owing the incorporation of four-coordinated atoms into the structure [86]. However, no
strong evidence of sp3 C in bulk diamond (1332 cm™!, [87]) or in amorphous diamond (broad
band near 1245 cm™!, [88]) structure is noticed in the Raman spectrum of amorphous SiC.

5.2. Simulation of disorder accumulation

The dotted lines in figure 6 are least-square fits using the direct impact/defect stimulated model
(DI/DS) modified by Zhang et al [67]. This model is generally used to reproduce the variations
of the number of displaced atoms extracted from RBS data [12, 58, 89]. Recently, Zhang ef al
[67] included new terms relative to defects and defect cluster accumulation. The disorder S is
given by the expression

S:fu+Sd+SCa (1)

where f,, Sq and S, are respectively the contribution of irradiation-induced amorphization
(fa) (DI/DS model), irradiation-induced interstitials and small interstitial clusters in the
residual crystalline regions (Sq), and extended defect clusters or precipitates formed at high
temperatures (S.).

The amorphous fraction, f;, is given by the expression

fa=1— (04 +0y) /(o5 + oaexp (04 + 05) D)), ()

where o, is the amorphization cross-section, oy is the effective cross-section for defect-
stimulated amorphization and D is the dose (dpa).
The contribution of the radiation defects to disorder S is expressed by the relation

Sa=S;[l—exp(—=BD)] (1 - f), 3)

where S} is the saturation value for the defect-induced disorder, which is proportional to the
local displacement rate and B (dpa™!) is proportional to an effective recombination volume for
the specific defect giving rise to Sy.

The relative disorder in the residual crystalline regions S is expressed as

Se=8*[1—exp(—RD)] (1 = fo). )

where S7 is the saturation value of disorder due to the formation of irradiation-induced large
clusters and R (dpa™!) is proportional to an effective sink strength to form extended clusters.

This model was successfully used to simulate disorder for AI3*- and Au**-irradiated
SiC, especially for temperature close to the critical temperature of amorphization [58, 67].
It involves the fit of six different parameters, whereas only three curves are available. We used
as starting values those given by Zhang et al [67]. The high number of fitting parameters with
respect to the low number of data implies a high incertitude on parameter values. Therefore, we
only extracted the more relevant parameters used by Zhang ef al, which are the cross-section
values (the probability for a process to occur). For the curve related to room temperature
irradiation, the relevant parameters seem to be the amorphization cross-section o, and the
effective cross-section for defect-stimulated amorphization oy that are equal to respectively
2 4 0.5 and 20 & 5 dpa~!. For the irradiation at high temperature, the relevant parameters
seem to be the effective sink strength to form extended clusters R, that is equal to 6 £ 1 and
20 4 1 dpa~! for Au and Xe irradiations respectively.

By contrast, the extended Avrami—Johnson—Mehl model modified by Carter [90] failed
to reproduce the accumulation of disorder in SiC for high temperatures [91]. It seems that the
DI/DS model is also adapted to fit the disorder data deduced from Raman spectra for irradiation
at room temperature and at higher temperatures.
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Figure 8. Variations of the total disorder with the chemical disorder induced by irradiations with Au
ions at room temperature and at 400 °C and with Xe ions at 400 °C. Definition of the three stages I,
II and III. The dashed curve corresponds to the data fit with an exponential law.

5.3. Correlation between total disorder and chemical disorder

In figure 8, the total disorder is plotted as a function of the chemical disorder. A clear correlation
can be established between the two types of disorder. The resulting curve is divided into three
stages. In the first stage (stage I), for x < 0.1, only the total disorder increases. In the second
stage (stage II), for 0.1 < x < 0.3, both total disorder and chemical disorder increase. In the
third stage (stage III), for x > 0.3, the total disorder reaches a saturation level whereas the
chemical disorder increases.

Each stage can be also associated with a specific Raman spectrum. In the first stage, the
Raman spectrum is almost unchanged upon irradiation, total and chemical disorders are close to
zero and the Raman line intensities are close to those of the virgin sample. In the second stage,
the total disorder is high and the chemical disorder is in an intermediate value. Corresponding
Raman spectra show several new bands related to the formation of homonuclear bonds and to
the breakdown of the Raman selection rules induced by the accumulation of damage in the
structure. In the third stage, the Raman spectrum is that expected for an amorphous SiC. The
total and chemical disorders estimated from the spectrum are high.

The evolution of the Raman spectra and of the parameters of total and chemical disorder
are consistent with the damage accumulation process proposed by Zhang et al [67] based on
the fit of Si and C disorder curves with the DI/DS model. The first stage may be related to the
formation of isolated defects. In the second stage, the disordering rate is enhanced and may be
associated with defect-stimulated amorphization, that leads to the growth of amorphous nuclei
and coalescence of amorphous domains. The third stage may correspond to the amorphization
of the irradiated layer and the eventual formation of a continuous amorphous layer. In all the
domains of disorder, the chemical disorder increases and seems to be the driving force of the
amorphization in agreement with the Yuan and Hobbs assumption [68] on a chemical disorder
threshold for amorphization.

6. Conclusions

Heavy-ion irradiation induces a decrease of the Raman line intensities related to crystalline
SiC and the appearance of several new bands, Si—Si, Si—-C and C-C. The new Si—C bands
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were attributed to the breakdown of the Raman selection rules induced by the accumulation of
damage. Si—Si and C—C vibrations give evidence of the formation of homonuclear bonds within
the SiC network. The structure strongly changes with the increase of the dose. Several Si—C
bands disappear and the bands become broader. For low doses, the overall sp? bond structure
and the chemical order may be almost completely conserved. By contrast, the amorphous state
shows a strong randomization of the Si—Si, Si—C and C-C bonds. Nevertheless, no strong
evidence of sp? C vibrations is provided.

The relative Raman intensity (RRI) decreases exponentially with increasing dose because
of the absorption of the irradiated layer. The total disorder follows a sigmoidal curve, which
is well fitted by the direct impact/defect stimulated model. The chemical disorder expressed as
the ratio of C—C bonds to Si—C bonds increases exponentially versus dose. A clear correlation
is established between the total disorder and the chemical disorder, and three stages are defined
according to the value of the chemical disorder, which seems to be the driving force of
the amorphization process. The existence of a chemical disorder threshold around 30% is
confirmed.

The increase of the irradiation temperature generates several effects on the structure and the
disorder accumulation. The temperature rise allows the stabilization of a disordered/distorted
state and induces a slowing down of the disorder production (total and chemical disorder) due
to an enhancement of the dynamic annealing.
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